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Transcription factors (TFs) can regulate different sets of genes to determine speciﬁc cell types by means
of combinatorial codes. We previously identiﬁed closely-spaced TF binding motifs located 8.2–8.5 kb 50
to the ATG of the murine Pou4f3 gene, a gene required for late hair cell (HC) differentiation and survival.
These motifs, 100% conserved among four mammalian species, include a cluster of E-boxes preferred by
TCF3/ATOH1 heterodimers as well as motifs for GATA factors and SP1. We hypothesized that these
factors might interact to regulate the Pou4f3 gene and possibly induce a HC phenotype in non-sensory
cells of the cochlea. Cochlear sensory epithelium explants were prepared from postnatal day
1.5 transgenic mice in which expression of GFP is driven by 8.5 kb of Pou4f3 50 genomic DNA
(Pou4f3/GFP). Electroporation was used to transfect cells of the greater epithelial ridge with multiple
plasmids encoding human ATOH1 (hATOH1), hTCF3 (also known as E2A or TEF2), hGATA3, and hSP1.
hATOH1 or hTCF3 alone induced Pou4f3/GFP cells but hGATA3 and hSP1 did not. hATOH1 but not hTCF3
induced conversion of greater epithelial ridge cells into Pou4f3/GFP and myosin VIIa double-positive
cells. Transfection of hATOH1 in combination with hTCF3 or hGATA3 induced 2–3X more Pou4f3/GFP
cells, and similarly enhanced Pou4f3/GFP and myosin VIIa double-positive cells, when compared to
hATOH1 alone. Triple or quadruple TF combinations were generally not more effective than double TF
combinations except in the middle turn, where co-transfection of hATOH1, hE2A, and hGATA3 was
more effective than hATOH1 plus either hTCF3 or hGATA3. The results demonstrate that TFs can
cooperate in regulation of the Pou4f3 gene and in the induction of at least one other element of a HC
phenotype. Our data further indicate that combinations of TFs can be more effective than individual TFs
in the inner ear.
Published by Elsevier Inc.Introduction
The hair cell (HC) is a critical cell type of the inner ear, required
for normal auditory and vestibular function, and exquisitely
specialized for mechanotransduction and communication with
the nervous system. HCs do not regenerate in the mammalian
inner ear and loss of these cells in the cochlea or in the vestibule
results in permanent hearing loss or vestibular deﬁcit. Gene
therapy has been proposed as a means of stimulating HC
regeneration or of preventing HC loss due to genetic or environ-
mental factors (e.g. Kawamoto et al., 2003; Ono et al., 2009;
Zheng and Gao, 2000).Inc.
an Drive, La Jolla,
d.edu (A.F. Ryan).A promising approach to HC regeneration has been to intro-
duce regulators of HC development into other types of inner ear
cells. In particular, the Class II basic helix-loop-helix (bHLH)
transcription factor (TF) ATOH1 (also known as Math1) is
required for HC fate determination, survival and differentiation.
Atoh1 deletion leads to perinatal lethality, with some poorly
differentiated cells in the organ of Corti expressing the early HC
marker myosin 7A (Myo7A) (Bermingham et al., 1999). Condi-
tional deletion of Atoh1 in the inner ear leads to the death of most
cells in the organ of Corti prior to birth, but a few surviving cells
in the organ express Myo7A at later stages (Pan et al., 2011).
Premature termination of inner ear Atoh1 expression that has
begun normally leads to the death of most partially differentiated
HCs (Pan et al., 2012). However, forced Atoh expression can
induce ectopic HC formation, in which nonsensory cochlear
epithelial cell types adopt a HC-like phenotype (Gubbels et al.,
2008; Izumikawa et al., 2005, 2008; Kawamoto et al., 2003;
Woods et al., 2004; Zheng and Gao, 2000). However, despite
Fig. 1. Conserved 50 TF biinding sites in the Pou4f3 gene. A region that is conserved
across four mammalian species is located 8.2–8.5 kb 50 to the ATG of Pou4f3 in the
mouse, where it supports ATOH1 binding (Masuda et al., 2011). Clustered E-boxes
(CANNTG) are conserved at this site, including two of a type that is activated by
ATOH1 (red boxes) (Klisch et al., 2011). The E-boxes are located in close proximity
to conserved binding motifs for GATA and SP1.
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applying them to HC replacement, there has been less progress in
understanding how these factors exert their speciﬁc effects in
HCs. For example, ATOH1 is also expressed in several other cell
types with very different phenotypes, playing a signiﬁcant role in
the development of, for example, Merkel cell cutaneous touch
receptors (Leonard et al., 2002), spiral ganglion and cochlear
nucleus cells (Maricich et al., 2009), cerebellar granule cells
(Gazit et al., 2004), and secretory epithelial cells in the colon
(Yang et al., 2001), as well as regulating mucin gene expression in
various mucosal epithelia (Sekine et al., 2006). Why then does
ATOH1 expression induce a HC phenotype in inner ear epithelial
cells, but not in these other cells? A potential explanation is that
ATOH1 interacts with other transcriptional regulators to generate
cellular speciﬁcity. There is extensive evidence that TFs can
combine with distinct TF partners in different cell types, in a
combinatorial code, which regulates different sets of genes and
contributes to the determination of cell phenotype. This concept
was originally developed to explain conserved, modular elements
in an Arabadopsis gene (Curie et al., 1993) and then applied
to mammalian Hox gene regulation (Shashikant et al., 1995).
Recently, such combinatorial coding was found to regulate
expression of ATOH1 itself (Ahmed et al., 2012). TF interactions
are highly likely to occur physically, on the regulatory DNA of
genes. If so, in the case of HC genes regulated by ATOH1, this may
be apparent in conserved binding motifs for TFs in the regulatory
DNA of ATOH1 target genes expressed in this cell type. One
potential target is the gene encoding the POU domain TF POU4F3
(also known as Brn-3.1, Brn-3c).
POU4F3 is required for late HC differentiation, including their
transduction and synaptic specializations, and for HC survival.
Deletion of POU4F3 leads to failure of HC differentiation and the
death of most HCs (Erkman et al., 1996; Xiang et al., 1997, 2003),
although some undifferentiated HCs are retained into adulthood
(Xiang et al., 1997, 2003; Pauley et al., 2008). Cochlear POU4F3
expression is initiated around embryonic day 13 (E13), just after
that of ATOH1 and preceding myosin VIIa expression, another HC
speciﬁc marker, which begins on E15 (Bermingham et al., 1999;
Chen et al., 2002; Pan et al., 2012; Sage et al., 2006; Woods et al.,
2004; Xiang et al., 1997, 2003). It is associated with the regulation
of the motor protein prestin in outer HCs in newborn rodents
(Gross et al., 2011), and continues to be expressed into adulthood.
It is the gene mutated in DFNA 15, a form of dominant,
progressive hereditary hearing loss (Vahava et al., 1998, Collin
et al., 2008). Like ATOH1, POU4F3 is also expressed in other
developing and adult sensory or neural populations. For example,
it is expressed in Merkel cells (Leonard et al., 2002), trigeminal
neurons (Artinger et al., 1998) and a subset of retinal ganglion
cells (Erkman et al., 1996), which have quite different specializa-
tions and do not express HC-speciﬁc genes. There is also evidence
that different members of the Pou4f family (1–3) are combinato-
rially expressed and cross-regulate in retinal and somatosensory
neurons (Badea et al., 2012).
The upstream regulation of the Pou4f3 gene is not well
characterized. However, using bioinformatic analysis, we pre-
viously identiﬁed several closely-spaced motifs for TF binding
located 8.2–8.5 kb 50 to the ATG of the murine Pou4f3 gene
(Masuda et al., 2011). These motifs are 100% conserved among
four mammalian species: mouse, human, dog, and cow (Fig. 1).
They include three E-boxes (CAGCTG2, CACCTG) to which Class
I/Class II bHLH heterodimers such as TCF3/ATOH1 can bind
with high afﬁnity (Akazawa et al., 1995; Ledent et al., 2002;
Massari and Murre, 2000; Scheffer et al., 2007b). Two of these
are consistent with the motifs known to be activated by
ATOH1 (Klisch et al., 2011). We also demonstrated that ATOH1
directly binds to this conserved region using chromatinimmunoprecipitation (Masuda et al., 2011). The remaining
E-box (CATGTG) is typically preferred by Class III bHLH and Class
IV bHLH factors (Fisher et al., 1992; Hamid and Kakar, 2004). In
addition, preferred binding sites for SP1 and GATA3 are present
(Ko and Engel, 1993; Masuda et al., 2011; Merika and Orkin,
1993; Wierstra, 2008). Moreover, co-transfection of a reporter
construct in which 8.5 kb of 50 Pou4f3 DNA drives eGFP with an
expression construct encoding ATOH1 enhanced eGFP expression
in HEK293 and VOT-E36 cells, when compared to transfection
with the transgene alone (Masuda et al., 2011).
We speculated that TCF3, GATA3, and/or SP1 might act
cooperatively at this conserved cluster of TF binding sites to
control Pou4f3 gene expression. We further speculated that these
factors might interact to induce a HC-like phenotype in non-
sensory cells of the cochlea. To test these hypotheses, we
evaluated whether these TFs, alone or in combination, enhance
the ability of ATOH1 to induce ectopic inner ear Pou4f3 and/or
Myo7a gene expression. Electroporation was used to transfect
cells of the greater epithelial ridge (GER) of postnatal day 1.5
(P1.5) cochlear epithelial explants from transgenic mice (Pou4f3/
GFP mice) in which expression of GFP is driven by 8.5 kb of
50 Pou4f3 genomic DNA (Masuda et al., 2011). We demonstrate
that ATOH1 can act in a combinatorial fashion with TCF3 or
GATA3 to enhance both Pou4f3-promoter-induced eGFP and
myosin VIIa expression in nonsensory cells of the GER.Materials and methods
Animals. P1.5 wildtype CBA/J or Pou4f3/GFP mice on a CBA/J
background were used. In the transgenic mice, robust GFP
(Pou4f3/GFP) expression is noted in neonatal cochlear and ves-
tibular HCs, and not in other cochlear cells (Fig. 2). Preliminary
studies showed that transfection of P1.5 sensory epithelia was
less robust than at P0.5. P1.5 was chosen so that any combi-
natorial enhancement of ATOH1 effects might be detected more
readily.
The local animal subjects committee of the VA San Diego
Healthcare System approved all procedures in accordance with
the guidelines laid down by the National Institutes of Health
regarding the care and use of animals for experimental
procedures.
Plasmid DNA preparation. All plasmids were prepared with the
EndoFree Plasmid Maxi Kit (Qiagen, Valencia, CA) following the
manufacture’s protocol. Plasmids were resuspended to 3 mg/ml in
HBSS (without calcium, magnesium and phenol red), aliquotted
Fig. 3. Electroporation paradigm. A postnatal day 1.5 (P1.5) cochlear sensory
epithelial explant is placed on a ﬁlter membrane and covered with 5 ml of HBSS
containing a desired plasmid(s). The gap between the ﬁlter membrane and the
dish electrode is ﬁlled with 500 ml HBSS. Five rectangular electrical pulses (12 V,
30 ms duration, 970 ms interval) are applied through the 2 mm diameter round
cover (anode) and dish (cathode) electrodes.
Fig. 2. A Pou4f3/GFP transgenic. Neonatal cochlea of a transgenic mouse (Pou4f3/
GFP mouse) in which GFP driven by 8.5 kb of 50 Pou4f3 DNA is expressed only in
hair cells (HCs). The scale bar¼200 mm.
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initiating dissection of the sensory epithelium.
Dissection of the sensory epithelium, electroporation and sensory
epithelium explant culture. All media were from Invitrogen
(Carlsbad, CA). The temporal bones were dissected from P1.5
mice and placed in cold DMEM/F12. The cochlear sensory epithe-
lia were isolated in cold DMEM/F12 with 30 U/ml penicillin
(Sigma-Aldrich, St. Louis, MO) using the methods of Sobkowicz
et al. (1993). In particular, the lateral wall was separated from the
sensory epithelium at its outer edge, which is a natural division
point. The tissue was then carefully separated from the spiral
ganglion by teasing, so that only the sensory epithelium was used
for transfection studies. The hook portion of the epithelium was
also removed to render the sensory epithelium ﬂat between
electrodes for electroporation. The epithelia were electroporated
according to Kawabata et al. (2004) with substantial modiﬁcation
(Fig. 3). A Millipore ﬁlter membrane (30 mm diameter culture
plate insert; Millipore, Billerica, MA) was placed in a sterile
60 mm diameter petri dish, and the whole surface of the ﬁlter
membrane was moistened by adding 40 ml HBSS to its center. The
dissected sensory epithelium was washed with HBSS and trans-
ferred to the ﬁlter membrane. Five hundred ml HBSS was placed at
the center of a dish electrode (2 mm diameter ﬂat round elec-
trode; CUY700P2E, NEPA GENE, Chiba, Japan). Approximately
20 ml HBSS around the epithelium was removed by pipette, the
tissue was relocated to the center of the membrane, and the HBSS
around the tissue was removed completely by suction with a
pipette and natural evaporation to enhance attachment to the
membrane. Immediately after the excess HBSS around the explant
had evaporated, 5 ml of expression plasmid in HBSS was applied to
the sensory epithelium while conﬁrming that the tissue was well
attached to the ﬁlter membrane. The epithelium on the ﬁlter
membrane was placed at the center of the dish electrode with
HBSS. A cover electrode (2 mm diameter ﬂat round electrode;
CUY700P2L, NEPA GENE) was placed above the tissue. The plate
electrode and the cover electrode were set as the anode and the
cathode, respectively. An electroporator (CUY21EDIT, NEPA GENE)
was used to apply ﬁve rectangular pulses (12 V, 30 ms duration
with an interval of 970 ms). The tissue was left undisturbed for
1 min after completion of electroporation, and then 1 ml pre-
warmed Opti-MEM was added in the membrane. The tissue was
removed from the ﬁlter membrane with a needle and transferred
into a petri dish ﬁlled with 3 ml pre-warmed Opti-MEM, where itwas divided into two pieces. The two pieces were transferred into
one well of a 24-well plate ﬁlled with 250 ml of pre-warmed
culture medium (high glucose DMEM, 10% fetal bovine serum,
25 mM HEPES, 10 ml/ml N-2 supplement, 20 ng/ml epidermal
growth factor). About 85 ml of culture medium was removed to
enhance the attachment of the explants with the bottom of the
well. The explants were cultured in an incubator at 37 1C with 5%
CO2 and 95% humidity for 2–3 h, and then 500 ml fresh culture
medium was added into the well. Thereafter, the culture medium
was replaced with 500 ml of fresh culture medium every 24 h.
The explants were imaged daily and native HCs were followed
to differentiate them from transdifferentiated Pou4f3/GFPþ cells
by transfection with plasmids. These images also allowed differ-
entiation between inner and outer HCs, and determination of
which HCs were lost due to electroporation damage.
Transfection of sensory epithelia with dsRed and/or eGFP. To deter-
mine the location of cells in the P1.5 sensory epithelia of transgenic
mice that were transfected using our electroporation protocol, the
samples were transfected with 1 mg/ml Discosoma sp. red (dsRed)-
expression vector in which dsRed was driven by a cytomegalovirus
(CMV) promoter (Clontech, Mountain View, CA). To conﬁrm that
multiple plasmids could enter into the same cell during electropora-
tion, as previously reported (LoTurco et al., 2009; Ono et al., 2009;
Tabata and Nakajima, 2008), the sensory epithelia of wildtype mice
were co-transfected with 0.5 mg/ml of an eGFP-expression vector in
Table 1
Transfection combinations tested.
Plasmid
concentration
Transfection factor combination Sample
number
0.5 mg/mL hATOH1 11
hE2A 10
hGata3 6
hATOH1 þhSP1 10
hATOH1 þhGATA3 10
hATOH1 þhE2A 10
hATOH1 þhSP1 þhE2A 10
hATOH1 þhGATA3 þhE2A 11
hATOH1 þhGATA3 þhE2A þEmpty
vector
10
hATOH1 þhSP1 þhGATA3 þhE2A 10
Empty
vector
5
1.0 mg/mL hATOH1 10
Fig. 4. Typical location of transfected cells in the P1.5 sensory epithelium of the
Pou4f3-GFP transgenic mouse. The explant shown was electroporated with 1 mg/ml
dsRed-expression vector, and ﬁxed 2 days after transfection. The majority of the
transfected cells are located in the greater epithelial ridge (GER) which was
medial to the organ of Corti (OC). As in this example, HCs (expressing GFP) were
never transfected. Blue ﬂuorescence shows nuclei labeled with DAPI. The scale
bar¼200 mm.
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moter) plus 0.5 mg/ml of the dsRed-expression vector. All explants
were ﬁxed with 4% paraformaldehyde (PFA) for 15 min, 2 days after
transfection, and then stained with DAPI to label nuclei. The area of
maximal transfection for each explant was identiﬁed and imaged on
a ﬂuorescent microscope at 200x. Six microscopic ﬁelds of the GER
from ﬁve explants were imaged, and the number of cells positive for
eGFP, dsRed, or both reporters was counted. The ratio of cells
expressing one or both reporters was then calculated to estimate
the degree of co-transfection.
Transfection of sensory epithelia with TFs and myosin VIIa
staining. To determine the effect of various TFs on cochlear cells,
plasmids encoding human TFs and driven by a CMV promoter
were used singly or in combination at 0.5 mg/ml or 1.0 mg/ml. The
plasmids included human ATOH1 (hATOH1), hTCF3, hGATA3, or
hSP1. An empty vector was used as a transfection procedure
control. All plasmids were purchased from OriGene (Rockville,
MD). The cochlear sensory epithelial explants of Pou4f3/GFP mice
were transfected with the combinations of plasmids shown in
Table 1. Five days after transfection, immunolabelling was carried
out to detect myosin VIIa, which in the inner ear is a speciﬁc
marker for the HC phenotype (Hasson et al., 1997). For immuno-
labelling, the explants were ﬁxed with 4% PFA for 15 min,
permeabilized with 0.5% Triton X-100 (Sigma, St. Louis, MO,
USA) for 8 min and blocked with 10% fetal bovine serum for
30 min. They were then incubated overnight at 4 1C with anti-
myosin VIIa antibody (1:500; Proteus Biosciences; Ramona, CA).
Texas-Red-conjugated anti-rabbit antibody (1:100; Jackson
ImmunoResearch, West Grove, PA) was used as the secondary
antibody. All explants prepared as above were mounted using
mounting medium (Vectashield Hard Set, Vector Laboratories,
Burlingame, CA) and covered with round cover glasses. The
ﬂuorescent signal was visualized using an inverted ﬂuorescent
microscope (IX 70, Olympus, Tokyo, Japan). The entire length of
each explant was imaged from the two segments. Each cochlear
epithelium was then divided into three equal sections by length,
which were deﬁned as the apical, middle, and basal turns. The
numbers of Pou4f3/GFP and myosin VIIa positive cells were then
counted for each turn.
GFP quantiﬁcation. To determine whether the expression of
Pou4f3/GFP by cells that also express myosin VIIa was different
from that of cells that did not express myosin VIIa, the average
brightness of individual cells was measured by image analysis using
Photoshop (version 10.0.1, Adobe Systems Incorporated). Images of
the apical, middle or basal turn (200x) that contained native HCs,
Pou4f3/GFPþ/myosin VIIaþ , and Pou4f3/GFPþ/myosin VIIa- GER
cells were chosen from each sample transfected with hATOH1 alone(n¼11), hATOH1 plus hTCF3 (n¼10), or hATOH1 plus hTCF3 plus
hGATA3 (n¼11) at 0.5 mg/ml. The background of each slide was
determined by measuring ﬂuorescence intensity in the GFP channel
of widely spaced areas in which no cells were present. This back-
ground was subtracted from all cell measurements. For each HC,
Pou4f3/GFPþ/myosin VIIaþ GER cell, and Pou4f3/GFPþ/myosin
VIIa- GER cell in the image, the cell body was outlined and captured,
and the average intensity of GFP ﬂuorescence of the cell was
measured. Untransfected cell background was determined by mea-
suring ﬂuorescence intensity in cells that showed no visible evi-
dence of GFP expression. For the determination of cell numbers, only
GFPþ cells that displayed ﬂuorescence intensity more than 2X
greater than that of untransfected cells were included in cell counts.
For measures of GFP intensity, background-subtracted GFP
brightness of transfected GER cells in each sample was then
standardized against the average background-subtracted GFP
brightness of HCs in the same image, to correct for any differences
in image exposure (Fig. 4).
Data analysis. The numbers of Pou4f3/GFPþ , myosin VIIaþ and
double-positive cells in the GER of each cochlear turn were counted
for each transfected explant. One-way ANOVA with Dunnett’s
multiple comparisons test was used to evaluate differences
between individual conditions using Prism 5 (GraphPad Software
Inc., La Jolla, CA). Samples transfected with 0.5 or 1.0 mg/ml
hATOH1 alone were used as the reference group for the Dunnett’s
test. One-way ANOVA with Tukey’s multiple comparison test was
used to evaluate differences between cochlear turns (i.e., apical,
middle or basal turn) in a condition. Differences with a corrected p
value less than 0.05 were considered signiﬁcant. The data were
presented as means7standard deviations.
To compare normalized GFP intensity between any two groups
of HCs, p value was calculated for pairs of groups with the
nonparametric Mann-Whitney’s U test using Bonferroni correc-
tion for multiple comparison. Differences with a corrected p value
less than 0.05 were considered signiﬁcant.Results
GER cells were preferentially transfected by electroporation. The
location of transfected cells was evaluated by transfecting sensory
Fig. 5. Veriﬁcation of single and double transfections. A P1.5 wildtype cochlear
sensory epithelial explant (in which HCs do not express GFP) co-transfected with
eGFP- and dsRed- expression plasmids at 0.5 mg/ml for each plasmid (a, b). Almost
all transfected cells (94%) expressed both eGFP and dsRed. The scale bar¼100 mm.
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constitutive (CMV) promoter. With the electroporation method
used, the majority of transfected cells observed in P1.5 cochlear
epithelial samples were located in the GER, medial to the sensory
cell region, as has been reported previously (Zheng and Gao,
2000; Jones et al., 2006; Driver and Kelley, 2010; Zhao et al.,
2011). Cells lateral to the HCs or HCs themselves were occasion-
ally transfected, but this was rare.
Multiple plasmids were transferred into the same cells using
electroporation. It has been reported that almost all cells in brain
or inner ear tissue that are transfected with two plasmids will
express both (Ono et al., 2009; Tabata and Nakajima, 2008). To
conﬁrm this with our methods, we introduced two different
reporter plasmids in which either eGFP or dsRed are driven by a
constitutive promoter, into P1.5 cochlear explants. We used
wildtype mice for this experiment to avoid confusing extrinsic
eGFP with intrinsic Pou4f3/GFP signal. dsRed expression was
similar to that seen after dsRed transfection alone. Almost all
dsRedþ cells also showed eGFP expression (Fig. 5). A total of 475
dsRedþ cells and 468 eGFPþ cells were counted. Of 475 dsRedþ
cells, 458 were also positive for eGFP (96%). Of 468 eGFPþ cells,
458 were also positive for dsRed (98%). These results indicate that
our co-transfection method transferred two different plasmids
into virtually the same population of cells. They also suggest that
combining two plasmids does not lead to signiﬁcant differences in
the number or population of cells that are transfected.
Transfection of hATOH1 or hTCF3 induces Pou4f3/GFPþ cells in the
GER of Pou4f3/GFP mice. Zheng and Gao (2000) previously found
that electroporation of postnatal rat cochlear explants with an
expression of plasmid encoding ATOH1 induced the formation of
ectopic HCs in the GER (Woods et al., 2004; Zheng and Gao, 2000).
In our P1.5 transgenic mouse epithelia, we found that transfection
of either 0.5 mg/ml or 1.0 mg/ml of hATOH1 alone induced similar
numbers of Pou4f3/GFPþ cells in the GER (Fig. 6a-d). The explants
were imaged daily and the positions of all HCs were followed. No
migration of HCs into the GER was ever observed. It also should be
noted that GER cells showed increasing expression of Pou4f3/GFP
from Day 1 to 5, while Pou4f3/GFPþ HCs spread outward and
many outer HCs were lost (see Fig. 7a–f; Time course of Pou4f3/GFP
expression in the GER in the explant transfected with hAtoh1 plus
hTCF3 plus hGATA3). We noted a greater number of eGFPþ cells in
the GER of the apical turn than in the basal turn (po0.05; Fig. 8b-d).
The fact that similar numbers of GFPþ cells were noted in the GER
after transfection with 0.5 versus 1.0 mg/ml of plasmid (Fig. 8)
suggests that plasmid dose alone does not inﬂuence the number
or location of transfected cells.
Interestingly, transfection of plasmid encoding hTCF3 by itself
also induced Pou4f3/GFPþ cells in the GER (Fig. 6e, Fig. 8a).
Moreover, with hTCF3, there was no statistical difference in the
number of Pou4f3/GFPþ cells among the apical, middle, and basal
turns. In contrast, transfection of hGATA3 alone (Fig. 8a) or hSP1
alone (not shown) did not induce any Pou4f3/GFPþ cells in the
GER. Similarly, in control cultures transfected with 0.5 mg/ml of
empty vector, no Pou4f3/GFPþ GER cells were observed (Fig. 6k).
Co-transfection of hATOH1 with either hTCF3 or hGATA3 pro-
duced signiﬁcantly more Pou4f3/GFPþ cells in the GER than hATOH1
alone. Explants were transfected with hATOH1 in combination
with either hTCF3 or hGATA3. Along the entire length of the
sensory epithelium, co-transfection of hATOH1 with either hTCF3
or hGATA3 at 0.5 mg/ml induced 2–3 times more Pou4f3/GFPþ
cells in GER than 0.5 or 1.0 mg/ml hATOH1 alone (Figs. 6 and 8).
This difference was statistically signiﬁcant (po0.01) for both
0.5 and 1.0 mg/ml transfection dosages. In contrast, co-transfection
with hSP1 did not alter the effects of hATOH1 (Fig. 8).
Co-transfection of hATOH1 plus hGATA3 plus hTCF3 was not
statistically more effective than either the double combinations ofhATOH1 plus hTCF3 or hATOH1 plus hGATA3 in the cochlea as a
whole (Fig. 8a) or in the apical turn. However, the triple combina-
tion was more effective in the middle turn (Fig. 8b). Similarly,
co-transfection of hATOH1 plus hSP1 plus hGATA3 plus hTCF3
was no more effective than the double combinations. Adding
0.5 mg/ml empty vector to the triple combination also did not alter
the outcome signiﬁcantly (Fig. 8).
Co-transfection of hATOH1 with either hTCF3 or hGATA3 pro-
duced more myosin VIIaþ cells in the GER than hATOH1 alone. After
birth, the expression of POU4F3 is restricted to HCs, and thus
the expression of Pou4f3/GFP in P1.5 GER cells provides evidence
of conversion to a HC phenotype. However, since we have
Fig. 6. Co-transfection enhances Pou4f3/GFP induction in the GER by ATOH1. The apical turn of P1.5 explants, 5 days after transfection with transcription factors (TFs).
Transfection with 0.5 mg/ml of hATOH1 alone (a) or hTCF3 alone (e) induced Pou4f3/GFPþ cells in the GER, well inside the native HCs (arrow heads) of Pou4f3/GFP mouse
sensory epithelium. Transfection of hATOH1 in combination with either hTCF3 (i) or hGATA3 (j) induced more Pou4f3/GFPþ GER cells than hATOH1 alone. Transfection of
an empty vector (k) did not induce Pou4f3/GFPþ GER cells. The ﬁgure also illustrates the loss of HCs (arrowheads) induced by electroporation. It should be noted that the
explants were imaged daily and the position of all HCs were traced, and that no migration of HCs into the GER was ever observed (see Fig. 7) Panels b-d and f-h show a
higher magniﬁcation of the sample transfected with hATOH1 alone (a) and hTCF3 alone (e) respectively. hATOH1 alone induced myosin VIIa (Myo VIIa) expression, but
hTCF3 did not. The scale bar in e¼200 mm. The scale bar in h¼50 mm. A, 0.5 mg/ml of hATOH1 expression plasmid; T, 0.5 mg/ml of hTCF3 expression plasmid; G, 0.5 mg/ml of
hGATA3 expression plasmid; P, 0.5 mg/ml of empty plasmid.
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Fig. 7. TF co-transfection enhances Myo7A induction in the GER by ATOH1. Time course of Pou4f3/GFP expression in the GER of a middle and basal turn explant transfected
with hATOH1 plus hTCF3 plus hGATA3, and myosin VIIa expression in the same sample. GER cells showed increasing expression of Pou4f3/GFP from Day 1 to 5, while
Pou4f3/GFPþ HCs spread outward and many outer HCs were lost (a–f). Panels g–i show a higher magniﬁcation of Pou4f3/GFP, and myosin VIIa expression, for the region
indicated in panel f on Day 5. Many Pou4f3/GFPþ GER cells (g) were also positive for myosin VIIa (h, i). While no myosin VIIaþ cells were negative for Pou4f3/GFP, not all
Pou4f3/GFPþ GER cells expressed myosin VIIa. Pou4f3/GFPþ cells negative for myosin VIIa tended to show weaker GFP intensity (arrows in g–i indicate some such cells).
The scale bar in f¼500 mm. The scale bar in i¼100 mm.
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promoter and enhancers, it is possible that regulation of the
regulatory DNA of the transgene occurred in isolation. We there-
fore evaluated the expression of myosin VIIa, a different HC
speciﬁc marker that appears later in normal development than
POU4F3 (Bermingham et al., 1999; Woods et al., 2004; Xiang
et al., 1997, 2003).
hATOH1 alone induced myosin VIIaþ GER cells (Fig. 6a-d), in
accordance with the previous report of Zheng and Gao (2000).
Moreover, the cells overlapped with cells expressing Pou4f3/GFP.
Along the entire length of the sensory epithelium, about 60% of
Pou4f3/GFPþ GER cells induced by 0.5 mg/ml hATOH1 alone were
also positive for myosin VIIa. No cells were myosin VIIa positive
and Pou4f3/GFP negative (Figs. 6b-d, 7g-i). In contrast, neither
hTCF3 nor hGATA3 alone induced myosin VII aþ GER cells
(Fig. 6e-h, Fig. 9), although as mentioned above hTCF3 induced
GER cells positive for Pou4f3/GFP.
Co-transfection of hATOH1 with either hTCF3 or hGATA3
produced signiﬁcantly more (po0.05) myosin VIIaþ cells, by
approximately 2–3 times, than 0.5 mg/ml hATOH1 alone in the
apical turn (Fig. 9b). As observed for hATOH1 alone, with double
combinations more than 50% of Pou4f3/GFPþ GER cells were also
positive for myosin VIIa. Again, no cells were myosin VIIa positive
but Pou4f3/GFP negative. The number of Pou4f3/GFPþ/myosinVIIaþ GER cells decreased along the cochlear spiral from the apex
to the base (Fig. 9b–d), although TF combinations were still more
effective than hATOH1 alone, even in the basal turn (po0.01 for
hATOH1 plus hTCF3 and hATOH1 plus hTCF3 plus hGATA3
compared to either 0.5 or 1.0 mg/ml hATOH1 alone; Fig. 9d). Again,
only the triple combination of hATOH1 plus hTCF3 plus hGATA3
was more effective than hATOH1 alone in the middle turn.
Double-positive Pou4f3/GFPþ /myosin VIIaþ GER cells expressed
more GFP than Pou4f3/GFPþ /myosin VIIa- GER cells. To determine
whether the amount of Pou4f3/GFP expressed by GER cells was
related to myosin VIIa expression, we compared the level of GFP
ﬂuorescence in Pou4f3/GFPþ/myosin VIIaþ GER cells with that
observed in Pou4f3/GFPþ/myosin VIIa- cells. A total of 712, 474,
and 637 HCs, 284, 321, and 572 Pou4f3/GFPþ/myosin VIIaþ cells,
and 163, 395, and 516 Pou4f3/GFPþ/myosin VIIa- GER cells were
measured in samples transfected with (1) hATOH1 alone, (2)
hATOH1 plus hTCF3, or (3) hATOH1 plus hTCF3 plus hGATA3,
respectively. As can be seen in Fig. 7, Pou4f3/GFPþ/myosin VIIaþ
GER cells exhibited signiﬁcantly greater GFP intensity when
compared to Pou4f3/GFPþ/myosin VIIa- cells (po0.0001;
Fig. 7g-i, Fig. 10). The Pou4f3/GFPþ/myosin VIIaþ GER cells were
similar in GFP intensity to endogenous Pou4f3/GFPþ native HCs.
In contrast, Pou4f3/GFPþ/myosin VIIa- cells exhibited less than
50% of the ﬂuorescent intensity of HCs. When GFP intensity of
Fig. 8. Quantitative analysis of Pou4f3/GFP induction by TF co-transfection. The
numbers of Pou4f3/GFPþ cells observed in the GER following transfection with
plasmids encoding TFs, alone or in combination. The numbers of Pou4f3/GFPþ GER
cells observed along the entire length of the sensory epithelium (a), in the apical turn
(b), in the middle turn (c), or in the basal turn (d) are shown separately. Transfection of
hATOH1 alone and hTCF3 alone induced Pou4f3/GFPþ GER cells, but hGATA3 alone did
not. Co-transfection of hATOH1 with either hTCF3 or hGATA3 induced more Pou4f3/
GFPþ GER cells, and the increase was greater than that induced by hATOH1 alone or
hTCF3 alone in the entire cochlea (a) and apical turn (b), although the effect of adding
hGATA3 to hATOH1 was not signiﬁcant statistically in the basal turn, while the triple
combination of hATOH1, hTCF3 and hGATA3 was required to increase Pou4f3/GFPþ
GER cells signiﬁcantly over that observed with hATOH1 alone in the middle turn. These
indicate that transfection of hATOH1 in combination with either hTCF3 or hGATA3
enhances the hATOH1 effect on 8.5 kb of 50 Pou4f3 regulatory DNA synergistically.
0.5 A, 0.5 mg/ml of hATOH1 expression plasmid; 1.0 A, 1.0 mg/ml of hATOH1 expression
plasmid; T, 0.5 mg/ml of hTCF3 expression plasmid; G, 0.5 mg/ml of hGATA3 expression
plasmid; S, 1.0 mg/ml of hSP1 expression plasmid; P, 0.5 mg/ml of empty vector.
# or ## indicates a signiﬁcant difference at po0.05 or po0.01 from 0.5 mg/ml of
hATOH1 alone by one-way ANOVA with Dunnett’s multiple comparison test. nor nn
indicates a signiﬁcant difference at po0.05 or po0.01 from 1.0 mg/ml of hATOH1 alone
with the same test.
Fig. 9. Quantitative analysis of Myo7A induction by TF co-transfection. Compar-
ison of the number of Pou4f3/GFPþ GER cells that also expressed myosin VIIaþ ,
observed after transfection with hATOH1 alone or TF combinations. The numbers
of Pou4f3/GFPþ/myosin VIIaþ GER cells in the entire length of the sensory
epithelium (a), in the apical turns (b), in the middle turn (c), and in the basal turn
(d) are shown separately. While hATOH1 alone induced Pou4f3/GFPþ/myosin
VIIaþ GER cells, hTCF3 alone or hGATA3 alone did not. However, co-transfection
of each of these TFs with hATOH1 induced more Pou4f3/GFPþ/myosin VIIaþ GER
cells than hATOH1 alone in the apical turn (a). In the basal turn only hTCF3
enhanced the efeects of hATOH1, while in the middle turn both hTCF3 and
hGATA3 were required. The result suggests a synergistic effect among hATOH1,
hTCF3, and hGATA3 in the regulation of myosin VIIa expression. Indicators and
abbreviations are the same as those in Fig. 8.
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three transfection groups, no differences were observed. Simi-
larly, GER cells that were Pou4f3/GFPþ but myosin VIIa- showed
comparable GFP intensity across all three groups.Discussion
As mentioned above, ATOH1 plays a key role in early HC
differentiation (Ahmed et al., 2012; Fritzsch et al., 2010; Kawamoto
et al., 2003; Pan et al., 2011, 2012; Zheng and Gao, 2000). However, it
is also expressed in several other cell types, where it is instrumental
Fig. 10. High levels of Pou4f3/GFP induction are required for Myo7A induction. Comparison of normalized GFP intensity between native HCs, and transfected GER cells that
expressed Pou4f3/GFP alone or Pou4f3/GFP and myosin VIIa. GFP intensities were measured in the samples transfected with 0.5 mg/ml hATOH1 alone (A), hATOH1 plus
hTCF3 (AT), and hATOH1 plus hTCF3 plus hGATA3 (ATG). GER cells that expressed both Pou4f3/GFP and myosin VIIa exhibited signiﬁcantly greater GFP intensity than cells
that expressed only Pou4f3/GFP. While the intensity of Pou4f3/GFPþ/myosin VIIaþ GER cells was similar to that of native HCs, there were no differences of GFP intensity of
GER cells among the three transfection groups. n indicates po0.001 with the Mann-Whitney’s U test using Bonferroni correction for multiple comparison. Abbreviations
are the same as those of Fig. 8.
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mammalian organisms, where duplication of the Atoh1 gene has
allowed distinct functions for different gene isoforms, in mammals
the same TF must play multiple roles (see Fritzsch et al., 2010 for a
review of the evolution of Atoh1 and other bHLH genes important for
inner ear cell type speciﬁcation). Therefore, we speculated that cell-
speciﬁc cues must exist to specify the role of ATOH1 in HC formation.
Because it is known that combinatorial TF codes can contribute to
deﬁne speciﬁc cell phenotype determination (e.g. Shashikant et al.,
1995; Ma, 2006), we hypothesized that this might be true of HC
speciﬁcation by ATOH1 as well. To approach this issue, we deter-
mined whether combinatorial coding can inﬂuence expression of a
reporter gene driven by 50 Pou4f3 genomic DNA, as well as expression
of an independent HC marker, myosin VIIa. In the current study, we
present evidence that TCF3 proteins and GATA3 can function in
combination with ATOH1, to regulate expression of the Pou4f3 gene
in cells of the GER. Enhancement of myosin VIIa expression
in these cells provides evidence that these combinations more
broadly affect HC phenotype.
TCF3 factors and Class II bHLH TFs. Our results with TCF3 (E2A)
are well supported by current understanding of bHLH TFs. The
two TCF3 proteins, E12 and E47 produced by differential splicing
of the Tcf3 gene, are ubiquitously expressed Class I bHLH TFs
(Massari and Murre, 2000; Sun and Baltimore, 1991), although
the TCF3 expression pattern has not been well studied in the
cochlea. In general, TCF3 proteins are capable of forming either
homo- or heterodimers, and binding to E-boxes in the regulatory
DNA of genes (Akazawa et al., 1995; Ellenberger et al., 1994;
Massari and Murre, 2000). The binding afﬁnity of TCF3 is
enhanced by heterodimerization with Class II TFs like ATOH1
(Akazawa et al., 1995; Krizhanovsky et al., 2006; Massari and
Murre, 2000). The TCF3 preferred E-box sequences are CAGCTG
and CACCTG (Atchley and Fitch, 1997; Ledent et al., 2002), and
two copies of CAGCTG and one CACCTG are clustered in a highly
conserved sequence region within Pou4f3 regulatory DNA, as
mentioned previously (Fig. 1). Moreover, Akazawa et al. (1995)
has demonstrated that the binding afﬁnity of TCF3 to the motifs is
strongly enhanced by heterodimerization with ATOH1, although
ATOH1 alone does not bind to this E-box. On the other hand,
Klisch et al. (2011) has demonstrated in medulloblastoma cells
that ATOH1 binds to a motif consisting of a subset of E-boxes plusﬂanking DNA with high afﬁnity and activates a downstream
reporter. Two of the E-boxes in the highly-conserved Pou4f3
sequence region ﬁt the Klisch et al. motif (see Fig. 1).
While we did not directly test negative regulation of TCF3
protein function in this report, it is also well documented. For
example, inhibitors of differentiation and DNA binding (Ids) form
transcriptionally inactive heterodimers with the TCF3 proteins,
and thereby prevent the TCF3 proteins from forming functional
heterodimers with tissue-speciﬁc bHLH proteins such as ATOH1
(Norton, 2000). HES proteins also can achieve repression in
two ways (Norton, 2000; Palaparti et al., 1997). In the ﬁrst, HES
factors bind N-boxes on regulatory DNA and recruit the co-
repressor transducin-like enhancer of split. Second, in a non-
DNA-binding manner, HES protein can interfere with complex
formation between TCF3 proteins and Class II bHLH TFs. As noted
above, these proteins are known to be involved in HC develop-
ment. Fritzsch et al. (2006) provides a comprehensive review of
the role of Id and HES factors in HC development (see Fig. 3 of
their paper). We identiﬁed a potentially HES-binding N-box that
overlaps one of the highly conserved E-boxes within Pou4f3
regulatory DNA that can bind TCF3/Class II bHLH TFs (Fig. 1),
suggesting that HES may negatively regulate the Pou4f3 gene via
direct DNA binding.
TCF3 alone induces Pou4f3/GFP expression in the GER. We
observed that transfection of hTCF3 alone induced Pou4f3/GFP
expression in the neonatal GER (Fig. 6e–h). Overexpression of
hTCF3 would be expected to generate an excess of TCF3 homo-
dimers. These could bind to E-boxes preferred by TCF3 TFs in the
transgene, and induce Pou4f3/GFP expression directly. Another
possibility is interaction of hTCF3 with an endogenously
expressed Class II bHLH TF, to increase binding to CAGCTG and
CACCTG E-boxes in the transgene. This could occur if there were
an excess of a Class II bHLH TF such as ATOH1 expressed within
GER cells. ATOH1 seems unlikely, since RT-PCR results suggest
that there is little ATOH1 in the GER (Zhang et al., 2007), and since
addition of ATOH1 alone to GER cells is enough to induce Pou4f3/GFP
expression.
Alternatively, the overexpressed hTCF3 could inhibit endogen-
ous Ids and/or HES factors that prevent the binding of bHLH
factors to the transgene. In the cochlea, it has been suggested that
Ids or HES1 in the GER of postnatal rodent cochlea are one reason
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Murata et al., 2006; Zhang et al., 2007), although they have the
capacity to differentiate into HCs in response to exogenous
ATOH1 (Zheng and Gao, 2000). Excess hTCF3 could bind with
Ids and/or HES factors, decreasing the level of Ids and HES
available to prevent activation of the transgene by endogenous
bHLH factors. Alternatively, high levels of hTCF3/Class II hetero-
dimers could more successfully compete for binding to the
E-boxes, displacing Ids or HES factors. At least in the case of
ATOH1, this is unlikely for the reasons stated above.
Finally, it should be noted that indirect regulation of the
transgene is also a possibility. Transfection with hTCF3 could
induce other TFs, and these other factors could bind to the
regulatory sequences in the transgene and control Pou4f3/GFP
expression. For example, TFE2 could combine with other bHLH
factors to bind E-boxes in the promoter of Atoh1 itself (Helms
et al., 2000; Pan et al., 2012).
ATOH1 induces Pou4f3/GFP expression in the GER, and this effect
is enhanced by TCF3. Transfection with hATOH1 induced GER cells
to express GFP under the control of Pou4f3 regulatory DNA and
this effect was enhanced by co-transfection with hTCF3 (Fig. 6a, i,
Fig. 8). Class II bHLH TFs like ATOH1 are incapable of forming
homodimers, and require heterodimerization with E proteins
to bind E-boxes with high afﬁnity (Akazawa et al., 1995;
Krizhanovsky et al., 2006; Massari and Murre, 2000). Therefore,
it is highly likely that transfection of hATOH1 alone generated
heterodimers with endogenous TCF3 products such as E47 or E12,
and in some transfected cells, the amount of the heterodimers
was sufﬁcient to activate Pou4f3 regulatory DNA in the transgene
and induce Pou4f3/GFP expression. Our previous demonstration
of direct binding of hATOH1 to the region of clustered E-boxes in
the transgene supports this possibility (Masuda et al., 2011). If
the level of endogenous TCF3 factors was low, co-transfection of
hATOH1 and hTCF3 would be expected to generate more
hATOH1/hTCF3 heterodimers, activating the transgene in more
transfected GER cells, than either hATOH1 or hTCF3 alone. This
seems the most likely explanation for our results.
Of course, the hTCF3 may inhibit endogenous Ids and/or HES
factors as mentioned above, allowing more hTCF3/hATOH1
heterodimers to bind to E-boxes, which could also account for
increased Pou4f3/GFP expression.
It should be noted that the increase of Pou4f3/GFPþ GER cells
by the TF combination of hATOH1 plus hTCF3 was greater than
that induced by hTCF3 alone plus hATOH1 alone (Fig. 8). This
synergistic enhancement seems likely to result from interactions
among TFs, as mentioned above, rather than an additive effect.
The possibility that increasing the amount of plasmid or
number of plasmid species might, by itself, increase transfection
efﬁciency is not supported by our data, since combining reporter
plasmids, increasing hATOH1 plasmid dose, or combinating plas-
mids beyond three did not enhance GFP expression (Fig. 8). The
possibility that some unique structural feature of the hTCF3
plasmid enhanced transfection efﬁciency seems remote.
GATA3 also enhances the effect of ATOH1 on Pou4f3/GFP expres-
sion in the GER. GATA3 is necessary for neurosensory development
of the vertebrate ear (Karis et al., 2001; Lawoko-Kerali et al.,
2002), and its haploinsufﬁciency causes hearing loss (Van Esch
et al., 2000). Prolonged and high level expression of GATA3 in
virtually all parts of the auditory system suggests that it may help
to deﬁne and integrate the different, spatially diverse components
of the system during development (Lawoko-Kerali et al., 2002).
Interactions between GATA factors and Class II bHLH TFs have
also been reported. In other tissues, GATA3 enhances the effect of
bHLH TFs synergistically (Iwahori et al., 2004; Yang et al., 2009),
reinforces feedback interactions with bHLH TFs (Hendershot et al.,
2008; Moriguchi et al., 2006), or inhibits Ids or Notch signals likeHES1 (Batts et al., 2009; Dydensborg et al., 2009; Wang et al., 2009).
For example, in lymphocyte development, GATA3 reinforces an
autoregulatory loop of a bHLH TF expression, acts as a co-factor of
other bHLH TFs for target gene expression, and also inhibits Notch
signaling (Iwahori et al., 2004; Wang et al., 2009; Yang et al., 2009).
In breast cancer, GATA3 inhibits Ids (Dydensborg et al., 2009).
The mechanisms for these interactions have not been explored
in the cochlea. Considering that clustered Class I/Class II preferred
E-boxes are located between GATA binding motifs in the highly
conserved region (Fig. 1), interaction between ATOH1 and GATA3
on Pou4f3 regulatory DNA seems a reasonable possibility. Another
possibility is interaction with LIM homeodomain proteins, which
have been shown to interact with GATA3 and bHLH proteins in
cell fate speciﬁcation (Matthews and Visvader, 2003). Several
LIM-domain proteins are involved in cochlear development (e.g.
Nichols et al., 2008; Hertzano et al., 2007).
SP1 does not enhance the effect of ATOH1 on Pou4f3/GFP expres-
sion in the GER. The hSP1 did not enhance the effect of hATOH1 in
the present study. Polymorphisms affecting SP1 binding sites
have recently been observed in the human Pou4f3 gene (Nolan
et al., 2007), although the binding sites are not at the highly
conserved locus included in our transgene. In any event, either
this factor is not involved in Pou4f3/GFP transgene expression in
P1.5 GER cells, or there is sufﬁcient endogenous SP1 that induced
expression has no additonal effect.
ATOH1 alone induces myosin VIIaþ GER cells, but TCF3 or GATA3
do not. Transfection with hATOH1 induced myosin VIIaþ GER
cells, as has been reported previously (Fig. 6a-d; Zheng and Gao,
2000). We observed less robust induction than reported by Zheng
and Gao in P0 rat epithelia, which may be related to the age of the
samples used, and/or to differences in the relative developmental
ages of the mouse and rat (Dazert et al., 2007; Freeman et al.,
1996).
However, in contrast to the induction of Pou4f3/GFPþ cells,
hTCF3 alone did not induce myosin VIIaþ GER cells (Fig. 6e-h).
Jones et al. (2006) similarly found that overexpression of E47
alone via electroporation did not induce myosin VIIaþ cells in the
sensory epithelia of the E13 mouse inner ear. The myosin VIIa
gene also has an E-box (CAGGTG) in its regulatory DNA which is
essential but not sufﬁcient to control the HC expression of myosin
VIIa (Boeda et al., 2001). However, interaction with other TFs or
the epigenetic state of myosin VIIa regulatory DNA may be
different than that of the transgene. Similarly, transfection with
GATA3 did not induce myosin VIIa expression in the GER.
TCF3 or GATA3 enhances the effect of ATOH1 for myosin VIIa
induction in the GER. Our results demonstrate that TF combina-
tions of hTCF3 or hGATA3 with hATOH1 were more effective in
inducing expression of Pou4f3/GFP than hATOH1 alone (Fig. 8).
These results provide support for our hypothesis that TFs with
conserved, closely-spaced binding sites in its 50 regulatory DNA
can inﬂuence the expression of the Pou4f3 gene. However, we also
noted that hTCF3 or hGATA3 enhanced myosin VIIa induction in
the GER (Fig. 9). This seems unlikely to occur as a consequence of
POU4F3 expression, since transfection with POU4F3 itself has not
been shown to induce myosin VIIaþ cells in GER or other non-
sensory inner ear cells (Zheng and Gao, 2000). However, ATOH1
target genes in general are thought to contain evolutionarily
conserved clustered E-boxes (Krizhanovsky et al., 2006), as we
observed in the Pou4f3 gene (Masuda et al., 2011). It is possible
that other ATOH1 target genes in HCs contain binding sites for
TCF3/ATOH1 and nearby sites for GATA3. Consistent with this
hypothesis, co-transfection of hATOH1 with either hTCF3 or
hGATA3 induced about 2 times more myosin VIIaþ cells than
hATOH1 alone. Our data certainly suggest similar co-operative
mechanisms among ATOH1, TCF3, and GATA3 in the regulation of
myosin VIIa, either directly or indirectly.
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enhance the effect of ATOH1 for myosin VIIa expression as well as
for POU4F3 expression and suggest that they may also cooperate
more generally in speciﬁcation of HC fate and differentiation.
Supporting this conclusion is the observation that induction of
retinal ganglion cells by another Atonal homolog, Atoh7, can also
be modiﬁed by the co-expression of other TFs (Kiyama et al., 2011).
The effects of exogenous TFs on cochlear cells must be
considered in the context of endogenous expression. At the age
used for our studies, TCF3 as a ubiquitously expressed factor is
presumably expressed in all cochlear cells. GATA3 is expressed at
high levels in the GER, and much less so in HCs at this age (Rivolta
and Holley, 1998). The presence of endogenous GATA3 may
partially explain the ability of Atoh1 alone to preferentially
induce HC-like cells in the GER. Other TFs known to be important
to HCs could also have an inﬂuence, such as FGF10 and Sox 2, both
of which are highly expressed in the rodent GER around P0
(Pan et al., 2011).
Not all Pou4f3/GFPþ cells express myosin VIIa, although all
myosinVIIaþ cells expressed GFP. While hATOH1 alone or in
combination with other TFs induced Pou4f3/GFPþ/myosin VIIaþ
GER cells, not all Pou4f3/GFPþ cells showed myosin VIIa positiv-
ity (Fig. 7). In the developing mouse inner ear, ATOH1 and
POU4F3 expression precedes that of myosin VIIa, as mentioned
previously (Bermingham et al., 1999; Woods et al., 2004; Xiang
et al., 1997, 2003). Considering the expression patterns of these
genes, Pou4f3/GFPþ/myosin VIIa- cells could represent a more
immature state than Pou4f3/GFPþ/myosin VIIaþ cells. It is
possible that weaker Pou4f3/GFPþ cells might express
myosin VIIa given more time than was used in the present study.
However, Hu et al. (2010) found that low levels of ATOH1 do not
drive cochlear neural progenitors into mature HCs. Moreover,
a recent study by Pan et al. (2012), using a conditional expression
transgenic model, found that the level and duration of ATOH1
expression played a signiﬁcant role not only in the survival
of HCs, but also in their degree of differentation or even HC
type. Consistent with these reports, Pou4f3/GFPþ/myosin
VIIa- GER cells showed weaker Pou4f3/GFP intensity than the
intensity of Pou4f3/GFP þ/myosin VIIaþ cells (Fig. 7, Fig. 10). The
hATOH1 expression of some GER cells may not have reached
the threshold for induction of myosin VIIa or a HC fate. This
would imply that the threshold of POU4F3 expression, or more
speciﬁcally our Pou4f3/GFP transgene, is lower than that of
myosin VIIa.
The effects of TCF3 and GATA3 on ATOH1 did not depend upon
cochlear location. The present study also suggests that the differ-
ence in maturation between the apex and the base may inﬂuence
the effect of ATOH1 in GER cells. Differentiation of the cochlear
sensory epithelium begins in a gradient that extends from the
base of the cochlear spiral to the apex, and it is still actively
developing at around P1 (Chen et al., 2002; Scheffer et al., 2007a;
Zuo et al., 1999). At the time of electroporation, cells located in
the middle and basal turns were substantially more mature than
those of the apex (Scheffer et al., 2007a). We found that the
number of Pou4f3/GFPþ/myosin VIIaþ GER cells that were
induced by ATOH1 decreased along the cochlear spiral from the
apical to the basal turn (Fig. 9), suggesting that maturation
decreases the ability of GER cells to express the transgene and/
or myosin VIIa, although we did not evaluate age as a variable and
a positional effect cannot be ruled out by our results. In contrast,
the ability of TCF3 and GATA3 combinations to enhance the
effects of ATOH1 were proportionally equivalent in all turns,
indicating that cooperative enhancement is a relatively stable
property of GER responses.
Triple or quadruple TF combinations are generally not more
effective than double TF combinations. In general, triple orquadruple TF combinations did not enhance the effect of hATOH1
over that seen with the double TF combinations of hATOH1 plus
hTCF3 or hATOH1 plus GATA3. We conﬁrmed that this ineffec-
tiveness did not result from the toxicity of higher plasmid
concentrations. Transfection with 2 mg/ml plasmids, including
hATOH1, hGATA3, hTCF3 and an empty vector, did not have
adverse effect on the expression of Pou4f3/GFP, compared with
1.5 mg/ml plasmid, including hATOH1, hTCF3, and hGATA3. These
data also provide an additional control demonstrating that
increasing the amount of plasmid, by itself, does not alter the
effects of a ﬁxed amount of hATOH1 plasmid.
However, hATOH1 plus hTCF3 plus hGATA3 was required to
generate signiﬁcantly more GFPþ and myosin VIIaþ GER cells
than hATOH1 alone, in the middle turn (Fig. 8c, Fig. 9c). Both
hATOH1 plus hTCF3 and hATOH1 plus GATA3 transfection
enhanced GFP and myosin VIIa in GER cells in the middle turn,
but these increases were not statistically signiﬁcant. It is thus
possible that multiple combinations are more effective than
paired combinations under some conditions.
TF transfection did not induce GFP or Myosin VIIa in all GER cells.
Transfection of P1.5 sensory epithelium with dsRed resulted in
widespread expression of the reporter in the GER, indicating that
electroporation was highly effective in achieving transfection. It is
clear from a comparison of dsRed and eGFP plasmid transfection
efﬁciency in the GER (Figs. 4 and 5), versus the number of GER
cells that responded to TF transfection with Pou4f3/GFP or
myosinVIIa expression (Fig. 6), that either transfection efﬁciency
of TF plasmids was lower than that of the dsRed or eGFP plasmids,
or that TF transfection induced a response in a minority of GER
cells. The limited cellular conversion observed after ATOH1
transfection of the GER cells observed by other laboratories may
favor the latter explanation (Zhang et al., 2007). If so, a potential
contributing factor to lack of response to TF transfections may be
lack of still other TFs that are necessary for conversion of GER
cells. Our observation of additional, highly-conserved TF binding
sites in the transgene used for this study may be relevant to this
issue (Masuda et al., 2011).Acknowledgments
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